INTRODUCTION
Receptor activity is a crucial step for signaling regulation. It has been reported that a lot of receptors localize in lipid raft domains and that the microfluidity of these domains regulates the activation of these receptors 1 8 .
Among of them, for example, TRPM8 transient receptor potential melastatin 8 is a thermo-sensitive cation channel, that is highly expressed in cold sensory neurons and is activated by cold stimuli threshold: 25 and cooling agents such as menthol 2-isopropyl-5-methylcyclohexanol and icilin 1-2-hydroxyphenyl -4-3-nitrophenyl -3,6-dihydropyrimidin-2-one 1 5 . Palao has reported that TRPM8 localizes in lipid raft microdomains 1 . The mentholand cold-mediated responses of TRPM8 are potentiated when association of the channel to the microdomains is prevented by methyl-β-cyclodextrin, which is a compound that disrupts lipid rafts by removing cholesterol from membranes. And Janes has concluded that lipid rafts are important to control protein interactions in resting and activated T cells, and that aggregation of rafts following receptor ligation is a general mechanism for promoting immune cell 1 e were purchased from Sigma-Aldrich St. Louis, MO, USA . Dilauryl dimethyl ammonium chloride DLAC, Fig. 1 a was purchased from Wako Pure Chemical Industries Ltd. Osaka, Japan . Dilauryl dimethyl ammonium bromide DLAB , dimyristyl dimethyl ammonium bromide DMAB , dipalmityl dimethyl ammonium bromide DPAB , and distearyl dimethyl ammonium chloride DSAC were purchased from Tokyo Chemical Industry Co., Ltd. Tokyo, Japan . 1,2-Dilauroyl-sn-glycero-3-phosphocholine DLPC, Fig. 1 Fig. 1 c , and 1,2-dilauroyl-sn-glycero-3-phosphate DLPA, Fig. 1 d were purchased from Avanti Polar Lipids Alabaster, AL, USA . DPH and Laurdan were purchased from Invitrogen Carlsbad, CA, USA .
Liposome Preparation
The eggPC/eggSM/cholesterol molar ratio of the liposomes was 7:6:6. Under this condition, liquid-ordered L o and liquid-disordered L d phases are thought to coexist 9, 10 .
To prepare liposomes, the required amounts of chloroformmethanol solutions of eggPC, eggSM, cholesterol, and surfactants if necessary were mixed in a round-bottom glass flask. For the Laurdan-containing liposomes, a methanol solution of Laurdan was added at a Laurdan/lipid molar ratio of 1:500. The organic solvent was removed by evaporation, and the residue was dried overnight in vacuo. The dried lipids were dispersed in Tris buffer i.e., 10 mM TrisHCl and 300 mM glucose, pH 7.4 by vortexing the mixture. After several freeze-thaw cycles, the suspension was extruded through a 100 nm pore-size polycarbonate filter. The mean radius of the liposome, as determined from dynamic light scattering Photal FRAR-1000, Otsuka Electronic, Osaka, Japan , was ca. 65 nm. Liposomes containing DPH were prepared by adding a DMSO solution of DPH to the liposomes at a DPH/lipid molar ratio of 1:100 and incubating them at 50 for 1 h.
Fluorescence Measurements
Fluorescence anisotropy experiments with DPH were performed on an F-4500 spectrofluorometer Hitachi HighTechnology Corporation, Tokyo, Japan at 32 . DPH, which is known to partition equally into L o raft and L d non-raft regions 11, 12 , was used to evaluate the fluidity of the lipid bilayers in the liposomes. Methanol solutions of each surfactant 10 mg/mL were added to the liposome 100 μM of total lipids, 2mL . The excitation and emission wavelengths were 360 and 428 nm, respectively. The steady-state anisotropy r was calculated using the following the equation 11 20 :
where I VV and I VH are the measured fluorescence intensities with the excitation polarizer oriented vertically and the emission polarizer oriented vertically and horizontally, respectively. G is the instrumental correction factor and equals to I HV /I HH , where I HV and I HH represent the intensities with the excitation polarizer oriented horizontally and the emission polarizer oriented vertically and horizontally, respectively. The emission spectra of Laurdan were recorded from 400 to 550 nm with excitation at 350 nm on an RF-5300PC spectrofluorophotometer Shimadzu Corporation, Kyoto, Japan at 32 . Methanol solutions of each surfactant 10 mg/mL were added to the liposome 100 μM of total lipids, 2 mL . Laurdan displays emission maxima at 440 and 490 nm when the lipid bilayers form L o and L d phases, respectively 20 24 . The shift of the emission maximum of Laurdan can be quantified via the generalized polarization GP value, which is calculated from the emission spectra as follows:
where I 440 and I 490 are the intensities of the emissions at 440 and 490 nm, respectively.
Two-photon Microscopy
DPPC 500 nmol and Laurdan 1 nmol dissolved in methanol were dropped onto slides and dried overnight in vacuo. Tris buffer 200 μL was added to the dried lipid films followed by 10 μL of methanol surfactant solution 200 mg/mL . Confocal microscopic images were recorded using a Radiance 2000 imaging system BioRad, Jena, Germany 21, 22, 25 at about 30 with a thermo plate MATS-55SFF2, Tokai Hit Co., Ltd, Shizuoka, Japan . The two-photon source is a tunable Ti-Sapphire laser Mai Tai laser, Spectra Physics, Tokyo, Japan with an excitation wavelength of 770 nm. Interference filters were placed in the appropriate emission paths to isolate the 440 and 490 nm regions of the emission spectrum. Two simultaneous images 256 256 pixels were obtained from the sample image channel-1 and -2 and processed by applying the GP formula Eq. 2 to each pixel using Carl Zeiss ZEN software Jena, Germany . A water-immersion 60 objective was used.
RESULTS and DISCUSSION
3.1 Fluorescence anisotropy of DPH in eggPC/eggSM/ cholesterol liposome Figure 2 shows the variation of the steady-state fluorescence anisotropy r of DPH in eggPC/eggSM/cholesterol liposome as a function of the concentration of surfactants added to the liposome. First, surfactants with two C 12 chains and different head-groups i.e., cationic, anionic, or twitterionic were applied. It was verified that the fluorescence anisotropy was not affected by the addition of methanol without a surfactant data not shown . As shown in Fig. 2 , the anisotropy value decreased upon the addition of surfactants, which suggests an increase in the membrane fluidity. The order of the reduction of the anisotropy was DLAC DLAB DLPC DLPA ethyl-DLPC. Despite having different counter anions, there was no difference in the effects of DLAC and DLAB data not shown . They both significantly increased the membrane fluidity. In contrast, ethyl-DLPC, which is another cationic surfactant, did not. The mean radius of the liposome increased from ca. 65 nm to 116 nm and 82 nm after the addition of 2.0 10 2 wt DLAC and ethyl-DLPC, respectively; this implies that ethyl-DLPC is integrated into the lipid membrane to a lesser extent than DLAC.
DPH anisotropy experiments were conducted on liposomes that had been mixed with surfactants before liposome preparation. The results are shown in Fig. 3 . The order of the reduction of the anisotropy was DLAC ethyl-DLPC DLPC DLPA. The data again shows the high potential of DLAC to increase the membrane fluidity. The total lipids eggPC/eggSM/cholesterol 7:6:6 /surfactant molar ratio was 4:6, which corresponds to ca. 5.0 10 3 wt surfactant for the experiments shown in Fig. 2 . As the r values for DLAC were comparable under both conditions, DLAC molecules are considered to be efficiently integrated when added to the liposome. The prominent difference between Figs. 2 and 3 is that the membrane containing 60 mol ethyl-DLPC had a significantly lower r value than that containing DLPC or DLPA. Although ethyl-DLPC is capable of increasing the membrane fluidity, these results suggest that it is not readily incorporated into the membranes when added to liposomes.
Fluorescence anisotropy experiments were also conducted using surfactants with longer C 16 hydrocarbon chains, i.e., DPAB cationic , DHP anionic , and DPPC zwitterionic . As shown in Fig. 4 , the r value decreased with the addition of DPAB to the liposomes, and increased with the addition of DHP and DPPC. The structure of DHP is similar to that of DPAB in that they have alkyl not acyl chains, however, they differ in electric charge. DHP has been reported to form bilayers independently and in mixtures with PC/cholesterol 26 31 . The mean radius of the liposome after the addition of 2.0 10 2 wt DHP was 141 nm, which is larger than that after the addition of 2.0 10 2 wt DPAB 84 nm , suggesting that the DHP molecules are more integrated into the liposome. These results suggest that DHP does not increase the membrane fluidity. The gel-liquid crystalline phase transition temperature T m of DHP 65 27 29 is significantly higher than that of DPAB 29 32 , which could be related to their respective abilities to increase fluidity.
To elucidate the effect of the alkyl-chain length of the dialkylammonium cationic surfactants, we performed DPH anisotropy experiments with dilauryl DLAC , dimyristyl DMAB , dipalmityl DPAB , and distearyl ammonium DSAC . As expected, the reduction of the anisotropy occurred in the following order: DLAC DMAB DPAB DSAC Fig. 5 . This result suggests that dialkylammonium surfactants with shorter alkyl chains and thus a lower T m 32 37 more efficiently increase the membrane fluidity of the liposome.
3.2 Emission spectra of Laurdan in eggPC/eggSM/cholesterol liposome. We also evaluated the membrane fluidity using a microenvironment-sensitive probe, i.e., Laurdan. The fluorescence emission spectra of Laurdan are highly dependent upon the phase state of the lipid matrix. Laurdan emission spectra undergo bathochromic shifts as the lipid matrix converts from L o to L d 20 24 . Figure 6 shows the changes in the emission spectra of Laurdan in eggPC/eggSM/cholesterol liposome after the addition of DLAC or ethyl-DLPC. Upon the addition of DLAC, the emission maxima of the spectra red-shifted from 440 to 490 nm, which suggests the phase transition from L o to L d . In contrast, there was little change in the emission spectra after the addition of ethyl-DLPC, which suggests that the phase transition does not occur. The shift of the emission maximum was quantified by the GP value using Eq. 2 . The results are shown in Figs. 7 a and b . Similarly to the results for DPH anisotropy, the GP values revealed that the membrane fluidity of liposome only increased significantly when dialkylammonium-type cationic surfactants were added. Since the minimum GP value in the presence of DLAC approximate- ly -0.3 is the value commonly observed for membranes in the liquid-crystalline phase 21 , the raft regions are considered to entirely convert to the L d phase.
Two-photon excitation microscopy images
Since a multi-lamellar membrane consisting of eggPC/ eggSM/cholesterol was difficult to obtain on a slide glass due to the deposition of cholesterol crystals, a DPPC membrane was used for two-photon microscopy. Since the T m of DPPC is about 41 38 , the DPPC membrane is considered to be in the gel state in this experiment 30 . Figure 8 shows two-photon excitation microscopy images of Laurdan in a DPPC multi-bilayer membrane several seconds after the addition of DLAC or DLPC. The red and blue represent Laurdan fluorescence at 440 and 490 nm, respectively. The Laurdan fluorescence at 490 nm increased in intensity upon the addition of DLAC, but was hardly affected by the addition of DLPC. Figure 9 shows the corresponding GP images that were calculated using Eq. 2 ; the regions with the lowest and highest GP values are colored blue and red, respectively. In Fig. 9 A , the red and blue regions gradually decreased and increased, respectively, after the addition of DLAC, which suggests that DLAC promptly inserts into the DPPC bilayers and increases the membrane fluidity. This result provides evidence of the effective insertion of DLAC into stiff bilayers in the gel phase and likely rafts as well.
CONCLUSION
The experimental results support several conclusions:
1 The electrostatic interaction between the cationic surfactant and eggPC/eggSM/cholesterol liposome could be important. Unlike anionic groups, the cationic head-group of the surfactants would tend to localize in a deeper region of the membrane in order to interact with the phosphate group of the phospholipids. Reorientation of the P -N dipoles of the phosphocholine head-group by cationic surfactants could occur and affect the fluidity 32, 39 . 2 Surfactants with alkyl chains, such as DLAC, more effectively inserted into membranes than those with acyl chains, such as ethyl-DLPC. 3 Cationic surfactants with lower T m values have a greater ability to increase the fluidity. Among the surfactants used, DLAC fulfills all of these conditions. In addition, the van der Waals interaction between hydrocarbon chains as well as the electrostatic interaction between polar head groups is also important. The cationic surfactants used in this study have saturated alkyl chains and therefore have high affinity with sphingomyelin and DPPC which have saturated acyl chains, resulting that these cationic surfactants interact with the raft membrane L o phase . When DLAC, which has short alkyl chains, is incorporated into the raft domain, defects in lipid packing would arise. The membrane fluidity was increased due to the defects. On the other hand, Heerklotz reported that a small amount of a membrane-disordering additive Triton greatly enhanced domain formation by a rather unspecific mechanism 40 . The role of hydrophilic head groups and that of hydrophobic groups must be very important for the raft formation but remain poorly understood 41 . The membrane curvature may affect the formation and stability of lipid rafts 42 45 . Liposomes are used as a model membrane in this study, however, the size of liposomes is much smaller than that of living cells, therefore curvature and lipid composition may be greatly different from those of cell membranes. However, what is important is that we have found that among various surfactants a certain cationic surfactant increases the fluidity of the membrane by using liposomes. Since the evaluation of membrane fluidity with liposomes is simple, one can easily perform a screening test like in this study.
